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The prospects of measuring CP violation in the leptonic sector using the intense neutrino beams arising from 
muon decay in the straight sections of a muon accumulator ring (the so-called neutrino factory) are discussed. 



1. INTRODUCTION 

In this paper I discuss the prospects to ob- 
serve a CP-odd phase in the leptonic sector, using 
the intense, pure two-flavour neutrino beams pro- 
duced in a future neutrino facility, the so-called 
neutrino factory. 

The organization is as follows. Section || sum- 
marizes the state-of-the-art concerning neutrino 
oscillations. Section || describes the neutrino fac- 
tory. The prospects to measure a CP-odd phase 
are discussed in section ||| 

2. NEUTRINO OSCILLATIONS 

Perhaps the most exciting physics result of the 
last two decades in the field of particle physics[] 
is the growing evidence that neutrinos have mass 
and oscillate. There are three independent sets of 
experimental data that support this hypothesis. 
They are: 

1. The measurements of the rates (both abso- 
lute and as a function of the zenith angle) 
of atmospheric neutrinos by the experiment 
SuperKamiokande and others jl]j|]. The ob- 
served rate is about 50 % smaller, while 
the observed v e rate is consistent with the 
predicted rate. In addition, the rate reduc- 
tion of the observed varies with the in- 
coming neutrino zenith angle as expected 
if oscillations are at play. Recent analysis 
of the atmospheric data||^|] favor strongly 
oscillations of v^s into i/ T 's, while almost 

1 Excluding, of course, the possible discovery of a Higgs 
particle by the LEP experiments. 



completely excluding oscillations into sterile 
neutrinos. The mass gapn between the two 
oscillating neutrinos, Am^ = Am 2 tm is in 
the range 10 _3 -10 _2 eT^ 2 , while the mixing 
angle #23 = 6 atm is close to maximal. 

2. The measurement of the rates of solar neu- 
trinos, by several experiments^). The so- 
lar neutrino deficit is interpreted either as 
MSW (matter enhanced oscillations) || or 
as vacuum oscillations (VO)0 that deplete 
the original v e J s presumably in favor of 
z^'s (oscillation into sterile neutrinos are 
also disfavored^Q). The corresponding- 
squared mass differences are: (i) Am 2 2 = 
Am 2 „„ - 10- 5 - 10- 4 eV 2 for the large 
mixing angle MSW solution (LMA-MSW); 
(ii) Ani[ 2 ~ 10~ 6 eV 2 for the small mix- 
ing angle MSW solution (SMA-MSW) and 
(Hi) Am 2 2 ~ 10" 10 e^ 2 for VO. The mix- 
ing angle is close to maximal for both the 
LMA-MSW solution and the VO solution 
and small (sin 2 26 12 = sin 2 26 sun ~ 10~ 3 ) 
for the SMA-MSW solution. 

3. The evidence of neutrino oscillations 
claimed by the LSND collaboration |J. This 
experiment has operated in an almost-pure 

beam, and observes an excess of u e 's over 
their calculated background. They inter- 
pret their results in terms of oscillations of 
v^s into v e 's, with a squared mass differ- 
ence Amf snd ~ leV 2 . 

2 Am 2 . = m 2 — m 2 . 
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One obvious fact that follows from the exis- 
tence of three different mass squared differences, 



Am 



<< Ami, « Ar 



is that more 



than three neutrinos are needed in order to ex- 
plain all data simultaneously. This would re- 
quire sterile neutrinos, which are disfavored by 
current experimental data||. Alternatively, to 
explain oscillations with three standard neutri- 
nos one must discard some of the data. This will 
be, apologetically, my approach in this paper. 3 
1 will consider only the two strongest evidences 
for neutrino oscillations, namely, the solar and 
atmospheric anomalies and I will, for simplicity 
assume Dirac neutrinos. Under this assumptions 
the NMS matrix^ connecting the flavor and mass 
eigenstates, {v e , v T ) T = U NM s ■ {v 1 ,v 2 ,v- i ) T , 
contains four physical parameters, i.e., three mix- 
ing angles and a CP-odd phase, and can be con- 
veniently parameterized as: 



U 



U23U13U12 



Cl3 
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with S12 = sin 0i2, and similarly for the other 
sines and cosines. 

Neutrino oscillations are due to the fact that 
neutrinos produced in a weak eigenstate can 
change flavor as they propagate a distance L from 
the production point. 

In Vacuum, defining the product of NMS ma- 
trix elements W° a k p = [V aj V^V* k V 0k \, one can 
write the probability of a neutrino (antineutrino) 
of flavor a to oscillate into a neutrino (antineu- 
trino) of flavor (3 as: 



P( v(y) a -> v{v)p) = 

-4 £ Re[W* ] sin 2 

k>j 



4E„ 



3 It is Currently fashionable to disbelieve the LSND results. 
However, they have not been proved wrong, so far, by an 
alternative experiment. One such experiment, MiniBoonc 
is approved in FNAL. 

4 The NMS matrix is the equivalent to the CKM matrix in 
the lepton sector. 
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Equation 



contains 
,2 
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CP-even 



(-4 E fe>j Re[W* ] sin 2 (^)) and a CP- 



odd (£ fe> , Im[W J Q k J sin 



(^)) 



term, which 



fe>j ""L" Q/ 3J oii± ^ 2E^ 

is only different from zero if there is at least an 
imaginary phase in the NMS matrix. This is, of 
course the case for three families, but not for two 
families. In this case the oscillation reduces to 
the familiar formula: 



Am 2 L 
4£„ 



On the other hand, the fact that A 



in 



aim 



(3) 



>> 



1 permits to describe accurately neutrino 
oscillation probabilities at terrestrial distances 



Am sun 



Am§ 3 



with only three parameters, 023 
and f?i3 : Equation || then simplifies to 



Am lt m 



p 

P 



sin 2 2 0i3 sin 2 23 sin 2 ^™"^ L 
4iV 

sin 2 2 0i3 cos 2 23 sin 2 l ^ m " 1 ' iL 



= sin 2 2 023 cos 2 0i3 sin 



4E V 
Ato 2 3 L 



(4) 



Notice that all the probabilities depend in the 
same way of Am 2 tm . The dependence with the 
angle 0i3 is such that in the limit 0i3 — > one 
recovers the two-family oscillations formulae. 

Precisely the fact that 0i3 is small (the 
CHOOZ experiment^ has set a limit sin 2 0i3 < 
0.05), together with the strong mass hierarchy ( 
Am 2 tm >> Am 2 un ) results in the solar and at- 
mospheric oscillations approximately decoupling 
in 2-by-2 mixing phenomena. A consequence 
of this is that future solar experiments ||l0|| will 
improve the knowledge in the solar parameters 
Am 2 2 ,0i2 while future atmospheric and long 
base line accelerator experiments [jllj will improve 
the knowledge of the atmospheric parameters 
Am 2 3 ,023, but they can learn very little about 
(i) 0i3 which links the solar and atmospheric os- 
cillations, (ii) the sign of Am^ (which specifies 
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the neutrino mass spectrum) and (Hi) the CP-odd 
phase 5. These topics are the almost exclusively 
realm of a neutrino factory. 

If the solar solution lies in the LMA-MSW re- 
gion then Am 2 sun ~ Am 2 atm /10 - Am 2 atm /W0, 
and the approximation which leads to formulae || 
is no longer valid for sufficiently small values of 
013. Instead, a good and simple approximation 



for the v e 



transition probability is obtained 



by expanding to second order in the small param- 
eters, 0i3, Ai 2 /Ai3 and A 12 L(l|: 



S23 sin 2 20i3 sin 2 



Aia L 



2 ;. 2 .,,1. .;„2 / A12-L 



C23 sin 20i2 sin 



J cos ( ±5 



A 13 L 



A 12 L . (A 13 L 
— - — sin 



where 



Am'- 
A ■ ■ = 3 

— 



2E V 



and 



J = C13 sin 20i2 sin 2023 sin 20i3 



(5) 



(6) 



(7) 



is the combination of mixing angles appearing in 
the Jarlskog determinant. 

Notice that, according to equation || the CP- 
odd term is proportional to J (and therefore to 
the product of all the mixing angles), and also 
to Ara 2 sum . Therefore any CP asymmetry will be 
suppressed by the solar Am 2 and mixing angle 
and will become too small to be measurable if 
those parameters are too small, as would be the 
case if the solar solution does not lie in the LMA- 
MSW region. Fortunately, recent data from Su- 
perKamiokande|||J favors precisely this region. 
In the rest of this paper I will assume that nature 
is kind and the LMA-MSW solution is indeed the 
true one. This expectations will be confirmed in 
a few years from now, by forthcoming solar ex- 
periments [^J. 

The above formulae are obtained assuming 
propagation in vacuum. However, when i/'s cross 



the earth, forward scattering amplitudes are dif- 
ferent for the different flavors: 



Mi 



+ 




ml 



VI 



(8) 



where A = ^/2Gpn e and n e the ambient elec- 
tron number density 0. The presence of matter 
modifies the transition probabilities which can be 
written (for example for the — > v e transitions) 
as: 



P 



= sin 023 sin 2 0i3 



Ar 



B± 



sin 2 B±L 



(9) 



which has the same form of the corresponding 
probability in vacuum (equations |j) substituting 
the mixing angle 023 by an "effective mixing an- 
gle" sin 2 023 sin 2 2 0i3 ^ A ™23 \ an( j mass dif- 
ference Am 2 tm / '4E V by an "effective mass differ- 
ence" : 

B± = ((Am 2 3 cos 2 13 ± 2E U A) 2 
+ {Am. 



4sin2 0i 3 ) 2 ) 1 / 2 



(10) 



Matter effects on Earth are important if A is 
comparable to, or bigger than, A atm for some 
neutrino energy, and if the distances traveled 
through the Earth are large enough for the prob- 
abilities to be in the non-linear region of the os- 
cillation. 

For the Earth's crust, with density p ~ 
2.8g/cm 3 and roughly equal numbers of protons, 
neutrons and electrons, A ~ 10~ 13 eT^. The typi- 
cal neutrino energies we are considering are tens 
of GeVs. For instance, for E v = 30GeV (the 
average v e energy in the decay of E^ = 50GeV 
muons) A = 1.1 x 1(T 4 eV 2 /GeV ~ A 23 . This 
means that matter effects will be important at 
long distances. Since the "effective mass" B± 
is CP-odd, the net effect of matter is to in- 
duce, at sufficiently large baselines a "fake" CP- 
asymmetry which hides genuine CP-violation. 
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Figure 1. Generic Layout of a Neutrino Factory. 



3. THE NEUTRINO FACTORY 

3.1. The Machine 

The generic layout of a neutrino factory is 
shown in Fig. [l]. A high power (4 MW) proton 
beam impinges on a target producing pions which 
are collected and focused with a magnetic device 
(such as the magnetic horn depicted in the figure) 
and let decay in a drift space. Next, the muon 
phase space is reduced (phase rotation, ionization 
cooling) and the muons are injected into a set of 
linacs which accelerate them up to an energy of 
50 GeV. Finally they are fed into a storage ring. 
The muons decaying in the straight sections of 
this ring produce a high intensity, pure neutrino 
beam that points towards a neutrino detector (a 
bow-tie design, such as the one shown in the fig- 
ure allows two different locations). By changing 
the sign of the charge of the collected pions it is 
possible to get the two conjugated neutrinos. 

The design parameters of the neutrino fac- 
tory have been extensively discussed in the Lyon 



and Monterey workshops) 13 LJ. The results dis- 
cussed here were obtained assuming an integrated 
data set of 10 21 useful ^ + decays and 10 21 useful 
decays, a muon beam energy of 50 GeV, no 
polarization and a detector mass of 40 kt. 

3.2. Wrong sign muons 

As one can see in formula ||, in order to be 
sensitive to the parameters #13 and S one must 
measure the transition probabilities involving v e 
and v e , in particular v e (y e ) — > v^ip^). The neu- 
trino factory is unique in providing high energy 
and intense u e {p e ) beams coming from positive 
(negative) muons. Since these beams contain also 
Vfifan) (but no v^iy^) as is the case for conven- 
tional neutrino beams), the transitions of interest 
can be measured by searching for "wrong-sign" 
muons ]l5| , [T6t , e.g., negative (positive) muons ap- 
pearing in a (massive) detector with good muon 
charge identification capabilities, provided that 
the non-beam backgrounds (i.e, backgrounds aris- 
ing from the bulk of and v e charged and neu- 
tral current events) to this signal can be kept suf- 
ficiently small. Notice that there are no other 
neutrino flavors in the beam, unlike the case of 
conventional hadron beams which contain an ir- 
reducible contamination of other flavors due to 
the decay of kaons and opposite-sign pions. 

3.3. A Large Magnetic Detector for the 
Neutrino Factory 

The detector proposed in|Q is shown in Fig. g. 
It is a large cylinder of 10 m radius and 20 m 
length, made of 6 cm thick iron rods interspersed 
with 2 cm thick scintillator rods built of 2 cm 
long segments (light readout on both ends allows 
the determination of the spatial coordinate along 
the scintillator rod). Its mass is 40 kt. A super 
conducting coil generates a solenoidal magnetic 
field of 1 T inside the iron. 

A neutrino traveling through the detector sees 
a sandwich of iron and scintillator, with the X, Y 
coordinates being measured from the location of 
the scintillator rods and the Z coordinate being 
measured from their longitudinal segmentation. 

Neutrino interactions in such a detector have 
a clear signature. A CC event is character- 
ized by a muon, easily seen as a penetrating track 
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LARGE MAGNETIC DETECTOR 

Scintillator 




Dimension: radius 10 m, length 20 m 
Mass: 40 kt iron, 500 t scintillator 



Figure 2. Sketch of the large magnetic detector 
for the neutrino factory. 



of typically several meters length, and a shower 
resulting from the interactions of the final-state 
hadrons. A NC event, though, contains no pen- 
etrating track and the length of the event is the 
length of the hadron shower in iron, typically less 
than one meter. CC v e events, on the other hand, 
cannot be easily recognized since, with a detec- 
tor of this coarse granularity, it is difficult to dis- 
entangle the prompt electron from the hadronic 
shower on an event-by-event basis. The perfor- 
mance of the detector will be similar to that of 
MINOS The main difference lies in the mass 
which is one order of magnitude larger, and in the 
smaller surface-to- volume ratio. 

The potential backgrounds to the wrong-sign 
muon signal events are NC events (as well as CC 
events in which the right-sign lepton is not de- 
tected) in which a secondary negative muon aris- 
ing from the decay of 7r~,K~ and D~ hadrons 
fakes the signal. The discrimination of these 
backgrounds is based on the fact that the muon 
produced in a CC signal event is harder and more 
isolated from the hadron shower axis than the 
one produced from hadron decay in background 
events. Accordingly, inJlTj an analysis is per- 



formed based on the momentum of the muon, 
Pfi, and a variable measuring the isolation of the 
muon from the hadron shower axis, qt — p^ sin 9. 

An example of the rejection power of this analy- 
sis can be seen in Fig. [| which shows the efficiency 
for signal detection as well as the fractional back- 
grounds due to "right" sign charged currents, in 
which the "right sign muon" is lost. Two inde- 
pendent plots are shown, one as a function of the 
cut on p^ and the oter as a function of the cut 
on q t . Also shown is the ratio S/N — e s /ab, 
where e s is the signal selection efficiency and rjb 
is the error in the number of background events 
which survive the cuts. Muons from charmed- 
hadron decays constitute the main background 
from CC events. Overall, a reduction of the 
background at the level of 10 -6 seems achievable. 
For an extensive discussion I refer to [ p"7| . 

4. MEASUREMENT OF THE CP VIO- 
LATION PHASE 

We are now in position to show how the CP 
violation phase could be measured in the neutrino 
factory. As pointed out before, I will assume that 
the solar solution is in the currently favored range 
LMA-MSW. Also, to simplify the discussion fixed 
values of the atmospheric parameters are used in 
this section, Am^ = 2.8 x 10 -3 eV 2 and maximal 
mixing, 6> 2 3 = 45°. 

Let us start discussing the measurement of the 
CP phase 5 versus 6*13. Consider first the up- 
per solar mass range allowed by the LMA-MSW 
solution: Am 2 2 = 10~ 4 eV 2 . Fig. ^ shows the 
confidence level contours for a simultaneous fit of 
6*i3 and 8, for Montecarlo generated data (includ- 
ing detector response) corresponding to f5 13 = 8°, 
8 = 54°. The results include statistical errors 
as well as those due to background subtraction. 
Detection efficiencies are also taken into account. 
Genuine CP violation is separated from the fake 
CP violation induced by matter effects taking ad- 
vantage of the different dependency on energy and 
base line (see|l2|| for a detailed discussion). 

Notice that at "short" distances (i.e., 700 Km) 
the correlation between 8 and f5 13 is very large. 
The phase 8 is not measurable and this indeter- 
mination induces a rather large error on the an- 
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Figure 3. Wrong-sign muon efficiency and frac- 
tional backgrounds for CC events, as a func- 
tion of or q t , for a neutrino beam originating 
from 50 GeV/c /i + decays. 



Figure 4. 68.5, 90, 99 % CL contours resulting 
from a \ 2 fit of #13 and 5. The parameters used 
to generate the "data" are depicted by a star and 
the baseline(s) which is used for the fit indicated 
in each plot. Statistical errors, backgrounds and 
efficiencies are included. 
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gle #13. However, at the intermediate baseline of 
3500 km the two parameters can be disentangled 
and measured. At the largest baseline, the sensi- 
tivity to S is lost and the precision in 0i 3 becomes 
worse due to the smaller statistics. The combi- 
nation of the results for 3500 km with that for 
any one of the other distances improves the fit, 
although not in a dramatic way. However, also 
from the point of view of understanding system- 
atics I believe that two base lines are preferred. 
Notice that a CERN-based neutrino factory could 
choose a "short base line" experiment located in 
the Gran Sasso laboratory in Italy, at a distance 
of about 700 Km[]. The "long base line" experi- 
ment must be located, as discussed at about 3000 
Km. Possible locations, with good potential un- 
derground sites[] exist in Spain (in La Palma, one 
of the Canary islands) if the second beam shoots 
south or in Norway and/or Finland if shooting 
north. 

The sensitivity to CP-violation decreases lin- 
early with Ami 2 ■ At the central value allowed by 
the LMA-MSW solution, Ato 2 2 = 5 x lO^eF 2 , 
CP-violation can still be discovered, while for 
Am? 2 = 1 x 10~ 5 eV 2 , the sensitivity to CP- 
violation is lost with the experimental set-up 
used. We have quantified what is the mini- 
mum value of Amf 2 for which a maximal CP- 
odd phase, 5 = 90°, can be distinguished at 99% 
CL from S = 0°. The result is shown in Fig. |[ 
Am 2 2 > 2 x 10 _5 eV r2 , with very small dependence 
on 8 13 , in the range considered. 

For an extensive discussion I refer to . 
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